The density of Aeromonas hydrophila, standard count bacteria, fecal coliform bacteria, and 18 physical and chemical parameters were measured simultaneously at six sites for 12 months in Albemarle Sound, N.C. One site was above and two sites were below the discharge plume of a Kraft pulping process paper mill. The fourth site was above and the remaining two sites were below the discharge point of a nitrogen fertilizer factory. The impact of the pulp mill on water quality was acute, whereas that of the nitrogen fertilizer factory was chronic and much more subtle. Diffusion chamber studies indicated that A. hydrophila survival is increased by pulp mill effluent and decreased by nitrogen fertilizer factory effluent. From correlation and regression analysis, A. hydrophila was found to be directly affected by phytoplankton density and, thus, indirectly by concentrations of phosphate, nitrate, and total organic carbon. These two point sources are suspect as indirect causes of red-sore disease epizootics, a disease of fish caused by A. hydrophila.
High densities of Aeromonas hydrophila have been reported from every basic type of aquatic habitat in the United States (20) and in many other countries (15) . Indeed, densities were similar, at the times sampled, for pristine, alkaline lakes in the Grand Tetons (Wyoming), bayous of Louisiana, rain forest streams in Puerto Rico, and off the southwest coast of Puerto Rico in the aphotic zone of the Atlantic Ocean at a depth of 1,000 m (17, 19, 20; Hazen, unpublished data) .
It is probably not surprising that a bacterium which can thrive in such a wide variety of aquatic habitats, as A. hydrophila does, is also reasonably successful as a facultative pathogen. A. hydrophila is known to cause disease in amphibians (8) , lizards (23) , alligators (14) , fish (21, 30) , snails (25) , cattle (34) , and humans (6, 33) . At one time, A. hydrophila was thought to cause disease only in debilitated humans; however, recently a number of studies have demonstrated that A. hydrophila can infect wounds that are exposed during aquatic activity (29) .
The positive relationship between numbers of A. hydrophila in the water column and prevalence of fish disease (red-sore) has been well documented (10, 16, 18) . Miller and Chapman (26) reported the mortality of 37,500 fish in a North Carolina reservoir over one 13-day period due to an epizootic caused by A. hydrophila. Such reports are becoming more common in the southeastern United States. Other studies by our laboratory have shown a distinct relationship between water quality and the distribution and abundance of A. hydrophila in southeastern reservoirs (16, 18 ; G. W. Esch and T. C. Hazen, report no. N-153 of the Water Resources Institute of the University of North Carolina, Raleigh). A model has also been developed and used to accurately predict the density of A. hydrophila in other reservoirs not used to develop the model (T. C. Hazen, Microb. Ecol., in press).
Albemarle Sound, N.C. has been subject to increased eutrophication recently due to increased population pressure as well as industrial and agricultural operations. The (31) . A minimum of 1 ml was filtered through a 0.45-im, gridded, 47-mm-diameter, HA membrane filter (Millipore Corp., Bedford, Mass.). Dilutions were made with filter-sterilized sample water. The number of colony-forming-units (CFU) per ml was recorded as described by Hazen (16) and Hazen et al. (20) .
Samples were also analyzed for fecal coliform bacteria with m-FC medium (Difco Laboratories, Detroit, Mich.). Dilutions were made when necessary as above, and samples were filtered through 0.7-p.m, gridded, 47-mm-diameter, HC membrane filters (Millipore). CFU were estimated by counting blue colonies after 24 h of incubation at 44.5°C (1) .
Standard bacteria counts were determined with TGE medium (Difco). Again, dilutions were made with filter-sterilized sample water and filtered through 0.45-,um, gridded, 47-mm-diameter, HA membrane filters.
All colonies were counted after incubation at 35°C for 24 h (1) . Bacteria were randomly checked and identified by using the API-20E strip (Analytab Products, Plainview, N.Y.), oxidase, 0/129, and fluorescent antibody or serology (7, 12, 16 The final bacteria suspension was then placed into a sterile diffusion chamber just before immersion at the study site. The chambers used had a capacity of 100 ml and a total diffusion surface area of 16,515 mm2; they were a modification of the MSU-DME chamber (24) . 0-rings were added to each chamber to reduce contamination and leakage. A 0.45-,m, 142-mm-diameter, In July 1979 five chambers were suspended 1 m below the surface at site 31, 1 km upstream from the effluent point source of the Kraft pulping process paper mill (Fig. 1 ). Another five chambers were suspended 1 m below the surface at site 30, the pulp mill effluent point source. Samples were again taken, as above, at regular intervals for 108 h. During both redox potential. Monthly differences were significant for the following parameters: temperature, conductivity, dissolved oxygen, turbidity, chlorophyll A corrected, and pheophytin A. A representative data set for these parameters at these sites during January and July is shown in Table 2 . All differences in water quality by sites and months were determined by factorial analysis of variance.
Bacteria distribution and abundance. Factorial analysis of variance indicated significant differences in A. hydrophila densities by month at the nitrogen fertilizer factory (F = 2.3, df = 11 and 35, P < 0.05), but not by site (Fig. 2) . At the pulp mill, densities of A. hydrophila were significantly different by month (F = 5.4, df = 11 and 35, P < 0.001) and site (F = 3.9, df = 2 and 35, P < 0.05). Figure 3 (Fig. 4) . The pulp mill location had significantly higher densities at the outfall site 30; however, large variations in densities, because of back flushing at the upstream site 31 made overall site differences between the three sites nonsignificant (Fig. 5) . In addition, there was no significant difference by month in densities offecal coliform bacteria at the pulp mill location. The highest densities of fecal coliforms were recorded at site 30, the pulp mill outfall (150 CFU ml-1).
Survival of A. hydrophila. The densities of A. hydrophila in diffusion chambers at sites 21 and 29 declined slowly, but significantly (F = 7.75, df = 1 and 84, P < 0.02), over the 114-h sampling period (Fig. 6) . Differences between the two sites became significant after 42 h. At site 29, the one closest to the nitrogen fertilizer factory, survival of A. hydrophila was significantly lower.
The density of A. hydrophila in diffusion chambers at the pulp mill sites (sites 30 and 31) also declined significantly (F = 373.9, df = 1 and 72, P < 0.0001) and steadily over time (Fig. 7) . However, site 31 had significantly lower densities of A. hydrophila after only 24 h. In addition, densities of A. hydrophila in chambers at site 31 continued to decline until the study was terminated at 108 h when the difference in chamber densities at the two sites was greater than 1 order of magnitude.
Over the time course of the study at sites 21 and 29, total Kjeldahl nitrogen and nitrate plus nitrite concentration were significantly higher at site 21. Ammonia concentration was higher at site 29, but not significantly. None of the other water quality parameters was significantly different. During the diffusion chamber study at the pulp mill sites (sites 30 and 31), pheophytin A, turbidity, ammonia, total Kjeldahl nitrogen, Pi, total phosphorus, conductivity, and pH were all significantly higher at site 30, the effluent outfall, than at other stations. Redox potential, dissolved oxygen, and nitrate plus nitrite were all significantly lower at site 30. The other water quality parameters were not significantly different.
Water quality and densities of A. hydrophila. A best-fit regression for the nitrogen fertilizer factory sites showed that total organic carbon, chlorophyll A trichromatic, standard count bacteria, pheophytin A, turbidity, total phosphorus, and conductivity could account for 75.2% of the variation in densities of A. hydrophila (Tables 3  and 4 ). All water quality parameters significantly affected the slope, giving a highly significant regression. Total organic carbon, pheophytin A, and conductivity negatively affected the slope, whereas all the other parameters had a positive effect.
The pulp mill sites yielded a best-fit regression, with chlorophyll A trichromatic and chlorophyll A corrected accounting for 23% of the variation in densities of A. hydrophila (Tables 5  and 6 ). None of the other parameters, in combination, significantly affected the slope of the regression; the regression was significant. DISCUSSION
The nitrogen fertilizer factory on the lower Chowan River significantly increased nitrogen input to Albemarle Sound (544 kg of total nitrogen per day). As reported by Stanley and Hobbie (32), this accounts for 10% of the total nitrogen input for the Chowan River basin. Consequently, blooms of phytoplankton are common in the lower Chowan River and Albemarle Sound throughout summer and fall. This was also supported in the present study by significantly higher chlorophyll A concentrations at downstream stations. Stanley and Hobbie (32) indicated that these blooms consist mainly of Anabaena, Microcystis, and Aphanozomenon during the summer and diatoms (Melosira) during the winter. These phytoplankton blooms are probably the primary cause of the significantly higher dissolved oxygen, total phosphorus, and conductivity and significantly lower redox potential at sampling stations downstream from the nitrogen fertilizer factory effluent source. Heavy rainfall during the spring and early summer has a flushing affect on the system, since no differences are observed at these times for any water quality parameter. However, during drier periods in the summer and fall, nutrient buildup is rapid, due to the shallow nature and slower flushing rates of Albemarle Sound and the Chowan River. As indicated by the present study and that of Stanley and Hobbie (32) , effluent from the fertilizer plant is an important source of eutrophication for Albemarle Sound.
The pulp mill effluent is, almost literally, a nutrient soup. It significantly increases turbidity, conductivity, pH, pheophytin A, total nitrogen, nitrate plus nitrite, Pi, total phosphorus, total organic carbon, sulfate, and ammonia at downstream stations, and it significantly lowers dissolved oxygen and redox potential. Most of these affects are direct, although some, such as lowered dissolved oxygen, are indirect, being produced as a result of increased bacterial respiration. Increased conductivity and pH are the result of chemicals (calcium bisulfite, sodium hydroxide) added during the Kraft paper processing, but which remain in the final effluent released from holding ponds. Welch Creek is significantly affected throughout the year from the point source to its junction with the Roanoke River. The affect on the Roanoke River varies with rainfall received within the basin; the maximum influence on the river and Albemarle Sound occurs during the drier summer and fall months.
Bacteria distribution and abundance. The highest densities of A. hydrophila, standard count bacteria, and fecal coliform bacteria were recorded at the pulp mill effluent site. All were significantly higher at the outfall and the downstream sites than upstream. Although all three bacteria parameters were higher at the nitrogen fertilizer factory point source, none was significantly different from those at the downstream sites. The range of densities of A. hydrophila observed at the various sites (0.1 to 100 CFU ml-') was within the range of values previously reported for unpolluted lakes, rivers, estuaries, and reservoirs in various areas in the United States (20) . However, A. hydrophila densities in the effluent waters of the pulp mill and the nitrogen fertilizer factory were, in general, lower when compared with other polluted freshwaters (20) .
Densities of fecal coliform bacteria exceeded recreational water standards (10 CFU ml-1) at the nitrogen fertilizer factory sites during 3 months of the 12-month study and exceeded drinking water standards (0.1 CFU ml-1) at all sites for all months (3). The pulp mill effluent sites exceeded recreational water standards for coliform densities during 8 months and drinking water standards for all months sampled. Recent studies (4, 22) have shown that as much as 80% of fecal coliform isolates from pulp mill effluents may be Klebsiella pneumoniae, another potential pathogen of humans and other animals; the combination of K. pneumoniae and A. hydrophila probably accounts for more than 90% of all fecal coliform-positive bacteria in pulp mill ef- fluents. The levels of fecal coliforms observed in Welch Creek (sites 30 and 31) indicate that this system is unsuitable for recreational use. Similar levels of contamination have also been demonstrated for other, untreated, pulp mill effluents (4, 22) . Densities of A. hydrophila followed a seasonal pattern at all sites, similar to that observed previously in the southeastern United States; spring maxima were followed by a decline during the summer and then by a fall resurgence (16; Hazen, in press). This pattern of seasonality parallels seasonal changes in phytoplankton densities, with peak densities in A. hydrophila coinciding with algal blooms. The association between A. hydrophila and these primary producers is further supported by the strong positive correlations of densities of A. hydrophila and chlorophyll A concentration.
Fecal coliform bacteria did not show a distinct seasonality at either location. Densities of fecal coliform bacteria were lower during algal blooms as demonstrated by the negative correlation between densities of fecal coliform bacteria and chlorophyll A concentrations. In addition, fecal coliform densities were significantly correlated with densities of A. hydrophila at the pulp mill sites, but not at the nitrogen fertilizer factory sites.
Survival of A. hydrophila and water quality. A. vival of A. hydrophila at this site. Since the strain of A. hydrophila employed in the study was isolated from an infected fish from the Chowan River, it is reasonable to assume that the pulp mill effluent may significantly increase the probability of red-sore disease in fish.
At the nitrogen fertilizer factory outfall differences in survivorship of A. hydrophila were not significant from the upstream station during the first 48 h. At the termination of the experiment (114 h) both sites had chamber densities close to 107 cells ml-1. However, over the entire time course of the study, the survival of A. hydrophila at site 29 was significantly less than that upstream. The only water quality parameter which can be related to this difference is ammonia. Moreover, ammonia is also significantly negatively correlated with densities of A. hydrophila at both locations. Other studies have also demonstrated a significant negative correlation between densities ofA. hydrophila and ammonia (17; Hazen, in press; Esch and Hazen, report no. N-153 of the Water Resources Institute of the University of North Carolina). In addition, n = 30; P < 0.05 when r 2 0.355 laboratory studies indicate that low concentrations of ammonia, even under optimal conditions for growth, can significantly increase the generation time of A. hydrophila (Rivera and Hazen, unpublished data). The higher densities of A. hydrophila observed downstream from the nitrogen fertilizer factory during regular monthly sampling does not agree with the chamber study results. A possible explanation is that closer contact of the bacteria with the phytoplankton, when not in a diffusion chamber, overcomes the toxic effects of the increased ammonia concentration by supplying high-quality nutrients (leaked carbon compounds from the algae).
Previous diffusion chamber studies with A. hydrophila in thermally altered reservoirs (11) revealed that elevated temperature had a strong influence on increasing survival of A. hydrophila. However, this effect is probably indirect since elevation of water temperature in these reservoirs has also been shown to significantly increase primary production, i.e., phytoplankton density (13) .
The best-fit regressions for both locations reveal that chlorophyll A concentration has the greatest effect on the density of A. hydrophila.
Consequently, small increases in Pi and nitrates in this system presumably have a great effect on the density of phytoplankton which, in turn, causes increases in densities of A. hydrophila. Intimate interactions between A. hydrophila and phytoplankton can, however, reduce to some extent the toxic effects of other water quality factors such as ammonia. The present investiga- (28) . Their eutrophic index included total phosphorus, dissolved phosphorus, inorganic nitrogen, secchi depth, chlorophyll A, and hypolimnetic dissolved oxygen. It is thus becoming more and more apparent that increases in densities of A. hydrophila in aquatic systems are intimately linked to increases in primary productivity. The results of the present study clearly indicate that effluent from the fertilizer factory and the pulp operation are contributing to eutrophication in Albemarle Sound and, hence, the survival and population dynamics of A. hydrophila. Other bacteria species may behave similarly, but not necessarily the same as A. hydrophila. Effluent from the nitrogen fertilizer factory probably has the greatest effect on increasing eutrophication, whereas the pulp mill effluent has the greatest effect on increasing directly the densities of potential pathogens of fish and humans. The role that A. hydrophila plays in natural aquatic systems, in terms of nutrient cycling, etc., is still unknown; however, since A. hydrophila can represent from 10 to 75% of the total bacteria population within fresh and marine systems, its role must be considerable (3, 16, 27) . Other studies have shown a strong positive correlation between density of A. hydrophila in the water column and the prevalence of red-sore disease in fish over a 4-year period in a South Carolina reservoir (9, 16) and in six North Carolina reservoirs (Hazen, in press; 18) . It is concluded that reduction of phosphate and nitrogen inputs into Albemarle Sound, and perhaps other systems as well, will not only reduce the eutrophication process, but will also minimize the probability of red-sore epizootics among resident fish species.
